Abstract -In this letter, flexible voltage-controlled capacitors (varactors) based on an amorphous Indium-GalliumZinc-Oxide (a-IGZO) semiconductor are presented. Two different varactor designs and their influence on the capacitance tuning characteristics are investigated. The first design consists of a top electrode finger structure which yields a maximum capacitance tunability of 6.9 at 10 kHz. Second, a novel interdigitated varactor structure results in a maximum tunability of 93.7 at 100 kHz. The designand frequency-dependencies of the devices are evaluated through C-V measurements. Furthermore, we show bending stability of the devices down to a tensile radius of 6 mm without altering the performance. Finally, a varactor is combined with a thin-film resistor to demonstrate a tunable RC-circuit for impedance matching and low-pass filtering applications. The device fabrication flow and material stack are compatible with standard flexible thin-film transistor fabrication which enables parallel implementation of analog or logic circuitry and varactor devices.
designs of amorphous Indium-Gallium-Zinc-Oxide (a-IGZO) based thin-film varactors fabricated on free-standing Polyimide foil, which are realized in a metal-oxide-semiconductor-metal stack. To the best of our knowledge, this is the first demonstration of a flexible thin-film varactor based on an amorphous oxide semiconductor. A-IGZO is chosen, since it has received noteworthy attention due to its electrical properties, such as an electron mobility > 10 cm 2 V -1 s -1 and the possibility for low temperature deposition [9] . Despite partly consisting of rare earth materials, a-IGZO based electronics became commercially viable [10] . The presented fabrication flow can be directly implemented into thin-film transistor technology without the need of additional materials or processes. Our varactor approach utilizes the semiconductor transition from depletion to accumulation, resulting in effective geometry change of the capacitor dimensions. The first device consists of a top electrode finger structure with a capacitance tunability of 6.9. Secondly, an interdigitated varactor design is implemented, increasing the tunability to 93.7. We show remarkable capacitance tunabilities for frequencies up to 1 MHz and the varactor integration in an RC-circuit for impedance matching and low-pass filtering. These devices open the way to fully integrated wireless and flexible devices and applications such as intrabody communication [11] , AM-FM conversion [12] , active phase shifters [13] or analog signal processing. Fig. 1a shows the fabrication flow, which is comparable to our previous work [14] , [15] . The devices are fabricated on free-standing 50 μm thick Polyimide foil. First, the substrate is cleaned by sonication in Acetone and 2-Propanol for 5 minutes each, followed by baking at 200°C for 24 hours to remove residual solvents. Then, 50 nm SiN x is deposited on both sides by plasma-enhanced chemical vapor deposition (PECVD) at 150°C to promote the adhesion for the following layers. Subsequently, the bottom electrode, consisting of Ti/Au/Ti (5/80/5 nm) for the varactors or 30 nm of Ti for the RC-circuits is electron beam evaporated and patterned by lift-off. A 20 nm Al 2 O 3 insulator layer is grown by atomic layer deposition (ALD) at 150°C, followed by a 15 nm thick a-IGZO layer deposited by RF magnetron sputtering at room temperature. The semiconductor is structured into islands and vias are formed in the insulator, both by wet etching. Next, a 60 nm thick Cu layer is deposited by electron beam evaporation and structured by lift-off, forming the top electrode.
II. DEVICE STRUCTURE AND FABRICATION
For the top electrode finger structure (TE varactor), as presented in Fig. 1b , the area of the bottom electrode is kept 0741-3106 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. constant (320 μm × 240 μm) while increasing the number of fingers which are uniformly distributed. This results in a change of the finger spacing d from 100 μm to 10 μm. Fig. 1c presents the interdigitated varactors (ID varactor). Here, the finger spacing is 5 μm with a finger width of 10 μm. In addition, RC-circuits are fabricated, which are shown by the equivalent circuit diagram, as well as a microscopic picture in Fig. 1d . The serpentine structure is used to obtain a thin-film resistor together with a tunable TE varactor.
III. RESULTS AND DISCUSSION
The devices are characterized under ambient conditions using a semiconductor device analyzer (Agilent B1500A, ac impedance measurement with an ac oscillation voltage V AC = 200 mV, employing the RC parallel model). Capacitance-voltage (C-V) measurements of the varactors and impedance spectroscopy of the RC-circuit are conducted. The performance of the varactors is benchmarked by the capacitance tunability, which is calculated by:
A. Top Electrode Finger (TE) Varactors
In the following, the influence of finger distance, as well as number of fingers, on the tunability of the varactor is investigated. The capacitance C of the devices can be calculated by the parallel plate capacitor equation
where 0 is the vacuum permittivity, r the relative dielectric constant, A the effective capacitance area and t the distance between the two electrodes. 2a shows the C-V plot of a varactor with two fingers. The capacitance rises with increasing bias voltage, which is attributed to the semiconductor transition from depletion to accumulation. In this case the a-IGZO, which is covered by the top electrode fingers as well as the fingers' surrounding area, becomes conductive [16] . It acts as an electrode material thereby increasing the effective capacitance area A. Additionally, the effective t between both electrodes is reduced, which is in agreement with the well-known MOS varactor principle [2] , [17] . The lower dashed line indicates the calculated capacitance in depletion C calc,dep , only taking the overlap area between top and bottom electrode into account. The upper dashed line shows the calculation in accumulation C calc,acc , assuming that the whole a-IGZO island becomes conductive and the effective t decreases to the thickness of the Al 2 O 3 layer. The calculations are in agreement with the measurements showing deviations smaller than 4% using r,IGZO = 16 [18] and r,Al 2 O 3 = 7 [19] . The schematic device cross section in Fig. 2b highlights the change in A and t in the depletion and accumulation case. As the dominating effect (i.e. the change of A) relies on the expansion of the conductive a-IGZO area between the electrode fingers, the relation between number of fingers and tunability is investigated in Fig. 2c , while keeping the size of the bottom electrode constant. The highest tunability of 6.9 at 10 kHz is achieved for the lowest number of fingers, which means that the maximum gap of 100 μm between two fingers is becoming conductive. A lower number of fingers also lowers the capacitance in depletion contributing to the presented tunability dependence, while the accumulation capacitance stays constant. Additionally, a frequency dispersion of the C-V characteristics and therefore of the tunability is visible, which is in agreement with observations of the gate capacitance of a-IGZO TFTs [20] . This can be attributed to the a-IGZO resistance in accumulation and the fact, that for increasing frequency, the charging and discharging of the trap states can not follow the applied voltage and their contribution to the semiconductor capacitance decreases [21] . Fig. 2d compares the varactor performance in flat and bent condition. For the bending experiments, the devices are attached to a cylindrical metal rod with a radius of 6 mm (see inset). The change in the C-V characteristics can be considered negligible, which is in agreement to our previous work [22] . By I-V measurements, we identified the leakage current being always below 20 pA.
B. Interdigitated (ID) Varactors
In this part, the C-V characteristic, tunability and performance under bending of the ID varactor are investigated. Fig. 3a displays the C-V plot of the above described ID device. In contrast to the device presented in section A, the dominant effect contributing to the capacitance change is the modulation of t, when the semiconductor becomes conductive, which is highlighted in the schematic cross section in Fig. 3b . In depletion, t is determined by the lateral spacing between the bottom and the top electrode (5 μm). The transition into accumulation reduces the effective t to the Al 2 O 3 thickness (20 nm). The dashed line in Fig. 3a indicates the calculated expected capacitance in accumulation C calc,acc , assuming that the whole IGZO island is conductive. The frequency dispersion and the leakage current are similar to the above described TE varactor. Fig. 3c presents the extracted tunabilities of the ID varactor at different measurement frequencies. The maximum tunability of 93.7 is achieved at 100 kHz while the device still retains a tunability of 41.7 at the highest frequency of 1 MHz. The results in Fig. 3d show, that the C-V characteristic of the ID varactor is also only insignificantly affected by the mechanical bending.
C. Tunable RC-Circuit
In this section, possible applications of the varactors in an integrated tunable RC-circuit (see Fig. 1d ) are presented. First, a TE varactor is used in parallel to a resistor of 21.7 k (see inset Fig. 4a ) and excited by an ac voltage of 200 mV in superposition with a variable dc voltage V Bias . Fig. 4a (left) shows the impedance versus frequency plot for two exemplary V Bias of −5 V and 5 V. To investigate the tuning compatibilities, the impedance values at 100 kHz, 150 kHz and 200 kHz for bias voltages between −5 V and 5 V are plotted in Fig. 4a (right) . In this configuration, the RC-circuit can be used for impedance matching. Fig. 4b shows the varactor application in a tunable RC-filter with the same ac and dc settings as described above. A TE varactor is used in series to a thin-film resistor, as indicated in the inset. Depending on the applied V Bias , the filter characteristics, and therefore the cut-off frequency can be tuned accordingly.
IV. CONCLUSION
In summary, we presented mechanically flexible a-IGZO based thin-film varactors fabricated on a free-standing Polyimide foil, that are based on a metal-oxide-semiconductormetal structure. Devices with a top electrode finger (TE) design achieved tunabilities up to 6.9 at 10 kHz and a novel interdigitated (ID) varactor design increased the tunability up to a value of 93.7 at 100 kHz. Supported by calculations, the measurements showed how the device structure, geometry and frequency influence the tunability. Furthermore, the performance of both devices is not altered while being bent to a tensile radius of 6 mm. Finally, we presented two varactor applications in a tunable RC-circuit for impedance matching, as well as a tunable low-pass filter. Future work should be focused on investigating the high frequency performance above 1 MHz.
